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Abstract
The possibility of using matrix-assisted laser desorption ionization time-of-ﬂight mass spectrometry (MALDI-TOF MS) for rapid identiﬁ-
cation of pathogenic and non-pathogenic species of the genus Prototheca has been recently demonstrated. A unique reference database
of MALDI-TOF MS proﬁles for type and reference strains of the six generally accepted Prototheca species was established. The database
quality was reinforced after the acquisition of 27 spectra for selected Prototheca strains, with three biological and technical replicates for
each of 18 type and reference strains of Prototheca and four strains of Chlorella. This provides reproducible and unique spectra covering
a wide m/z range (2000–20 000 Da) for each of the strains used in the present study. The reproducibility of the spectra was further
conﬁrmed by employing composite correlation index calculation and main spectra library (MSP) dendrogram creation, available with
MALDI Biotyper software. The MSP dendrograms obtained were comparable with the 18S rDNA sequence-based dendrograms. These
reference spectra were successfully added to the Bruker database, and the efﬁciency of identiﬁcation was evaluated by cross-reference-
based and unknown Prototheca identiﬁcation. It is proposed that the addition of further strains would reinforce the reference spectra
library for rapid identiﬁcation of Prototheca strains to the genus and species/genotype level.
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Introduction
Recently, the possibility of using matrix-assisted laser
desorption ionization time-of-ﬂight mass spectrometry
(MALDI-TOF MS) for the identiﬁcation of the infectious
achlorophyllous green algal genus Prototheca has been demon-
strated [1]. Prototheca species are aerobic, unicellular, achlo-
rophyllous algae that propagate asexually by endosporulation
[2]. Currently, the genus Prototheca consists of ﬁve generally
accepted species—Prototheca wickerhamii, Prototheca zopﬁi, Pro-
totheca ulmea, Prototheca stagnora and Prototheca blaschkeae [3]
and recently a new species, Prototheca cutis sp. nov., has been
identiﬁed [4]. Among the species, P. zopﬁi, P. blaschkeae,
P. wickerhamii and P. cutis have been shown to produce infec-
tions in cattle and dogs, and they can also act as opportunistic
pathogens in immunocompromised humans [3,5–14]. Interest-
ingly, P. zophii includes two genotypes, 1 and 2, and only geno-
type 2 has been associated with infection [3,8,9,14,15]. The
clinical identiﬁcation of Prototheca species is complicated, and
combinations of several phenotypic and genotypic features for
correct identiﬁcation of Prototheca have been recommended
[16]. These include 18S rDNA sequencing [16], genotype-spe-
ciﬁc PCR [3] and restriction fragment length polymorphism
(RFLP) [8]. However, differentiation of the Prototheca species
is very challenging. Recently, a real-time PCR/DNA resolution
melting method has been proposed for the identiﬁcation and
differentiation of P. zopﬁi genotypes and P. blaschkeae [17].
All of these techniques are time-consuming, expensive and
somewhat unreliable [16]. MALDI-TOF MS has been proven
to be a cost-effective tool for the rapid identiﬁcation of
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microorganisms [18]. In principle, mass spectrometry-based
microbial identiﬁcation is based on two different approaches.
In the intact cell ﬁngerprinting approach, intact cells of a
microorganism are used to generate its unique spectra, which
are then compared with the standard ﬁngerprint stored in
the database [19,20]. In the second approach, the micro-
organism with available genomic information may be identiﬁed
after protein identiﬁcation using protein ﬁngerprinting with
the protein database [21,22]. Identiﬁcation of Prototheca with
the ﬁngerprint matching approach appears to be the best
choice, as genomic information on proteomics is currently
limited to a few genes of its mitochondria. This study extends
our previous study on the possibility of using MALDI-TOF MS
for Prototheca identiﬁcation [1] to create unique spectra
known as main spectra libraries (MSPs) for type and reference
strains of six species of Prototheca and for the two genotypes.
We chose a commercial available software package, MALDI
Biotyper (Bruker Daltonics, Leipzig, Germany), from among
the other commercial software available, Samaris
(AnagnosTec-Shimadzu, Potsdam, Germany) and MicrobeLynx
(Waters Corporation, Manchester, UK) [20]. The Biotyper
2.0 software (Bruker Daltonics, Leipzig, Germany) contains an
integrated reference library of 3739 species (as updated in
May 2010), from microorganisms to fungi. None of these da-
tabases contains Prototheca, except for a single strain of
P. wickerharmii in Biotyper 2.0. Hence, the main objective of
this study was to establish and evaluate a library of mass spec-
tral ﬁngerprints for reference and type strains of the genus
Prototheca. It was of further interest to include some of the
Chlorella species in this study, as they belong to the same Chlo-
rellaceae family and are associated with infection [23,24].
Materials and Methods
Culture of Prototheca
A total of 22 strains, representing eight algal species (six Pro-
totheca species and two Chlorella species) and two genotypes
of P. zopﬁi, were cultured for 72 h at 37C on Sabouraud
dextrose agar medium plates under suitable conditions
(Table 1). Each strain was cultured three times, and protein
extraction was carried out.
Extraction of protein
A standard protein extraction protocol was used, with an
additional sonication step for extraction of proteins from the
cultured Prototheca [1]. In brief, a loop full of colonies (about
1 g) was suspended in 300 lL of de-ionized water, and this
was followed by the addition of 900 lL of absolute ethanol.
After centrifugation at 11290 g for 2 min, the supernatant
was removed. The pellet was washed three times by cycles
of resuspension and centrifugation in 1.0 mL of de-ionized
water. The ﬁnal cell pellet was dissolved in 50 lL of 70% for-
mic acid and 50 lL of acetonitrile. The samples were then
subjected to sonication on ice for 1 min (cycle, 1.0; ampli-
tude, 100%) with a sonicator (UP100H; Hielscher Ultrasound
Technology, Teltow, Germany). The suspension was centri-
fuged at 11290 g for 5 min at room temperature, and 1.0 lL
of the clear supernatant was spotted in triplicate onto the
MALDI target (MSP 96 target polished steel (MicroScout
Target) plate; Bruker Daltonik, Bremen, Germany). After air
drying, each sample was overlaid with 1.0 lL of saturated
a-cyano-4-hydroxycinnamic acid matrix solution and dried
completely before MALDI-TOF MS measurement.
MALDI-TOF MS measurements
MALDI-TOF MS was carried out with a MALDI Micro-
ﬂex LT (Bruker Daltonics, Bremen, Germany). Peptide mass
ﬁngerprint product ion spectra were acquired in linear
TABLE 1. List of strains included in this study to create a
spectral database for Prototheca species; this list was drawn
from our previous study on the possibilities of using matrix-
assisted laser desorption ionization time-of-ﬂight mass spec-
trometry for Prototheca identiﬁcation
Taxon Designation Details/isolation
P. stagnora ATCC 16528 (T, E)a Digested sludge, USA
P. ulmea ATCC 50112 (T, E)a Sap from wounded
Ulmus americana, USA
P. wickerhamii ATCC 16529 (T, E)a Human sewage
P. wickerhamii CBS 157.74 (R, C)b Human systemic infection
P. wickerhamii CBS 344.82 (R, C)b Human dermatitis
P. wickerhamii RW-1 (R, C)c Human dermatitis, Germany
P. wickerhamii ATCC 30395 ªa Human palmar lesions
P. zopﬁi genotype 1 RZI-1 (R, E)c Pig manure, Germany
P. zopﬁi genotype 1 RZI-2 (R, E)c Pig faeces, Germany
P. zopﬁi genotype 1 SAG 2063 (T, E)c,d Pig manure, Germany
P. zopﬁi genotye 2 SAG 263-4 (C)c,d,e Bovine mastitis, Germany
P. zopﬁi genotype 2 SAG 2021 (T, C)c,d Bovine mastitis, Germany
P. zopﬁi genotype 2 RZII-2 (R, C)c Bovine mastitis, Germany
P. zopﬁi genotype 2 RZII-3 (R, C)c Bovine mastitis, Germany
P. blaschkeae RZIII-1 (R, E)c Cattle manure, Germany
P. blaschkeae RZIII-2 (R, E)c Cattle manure, Germany
P. blaschkeae SAG 2064 (T, C)c,d Human onychomycosis,
Germany
P. cutis DSM 22084 (T, C)f Human dermatitis, Japan
Chlorella
protothecoides
ATCC 30407 (R, E)a Sap from wounded Populus
alba
C. protothecoides SAG 211-7b (R, E)e Environment
C. protothecoides SAG 211-10a (R, E)c,d Sap from wounded Ulmus sp.
Chlorella ellipsoidea ATCC 30404 (R, T, E)d Fresh water
C, clinical isolate; E, environmental isolate; R, reference strain; T, type strain.
aAmerican Type Culture Collection (ATCC), Manassas, VA, USA.
bCentraalbureau voor Schimmelcultures (CBS), Baarn, The Netherlands.
cCulture Collection of the Institute of Animal Hygiene and Environmental
Health, Free University, Berlin, Germany.
dCulture Collection of Algae at the University of Go¨ttingen (SAG), Go¨ttingen,
Germany.
eCulture Collection of Algae at The University of Texas (UTEX), Austin, TX,
USA.
fGerman Collection of Microorganisms and Cell Cultures (DSMZ), Braun-
schweig, Germany
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positive mode at a laser frequency of 20 Hz within a mass
range from 2000 to 20 000 Da. The instrument parameter
settings were as follows: ion source 1 at 20 kV, ion source 2
at 16.7 kV, lens at 7 kV, extraction delay time of 150 ns, initial
laser power of 50%, maximal laser power of 60%, and laser
attenuation offset of 25% (range, 19%). For each spectrum,
240 laser shots in 40 shot steps from different positions of
the target spot (random walk movement) were automatically
acquired with AutoXecute acquisition control software (Flex
control 3.0; Bruker Daltonics, Leipzig, Germany). External cali-
bration was performed with a calibrant bacterial test standard
mixture covering the mass range between 2000 and
20 000 Da (Bruker Daltonics, Bremen, Germany). A total of
27 spectra were acquired for each strain (biological and tech-
nical replicates) from three independent culture extracts.
MSP construction
The quality of each spectrum was assessed with Flex analy-
sis 3.0 software (Bruker Daltonics, Bremen, Germany); this
was performed after the raw intensity spectra had been
smoothed (Savitzky Golay algorithm, ﬁve width m/z and ﬁve
cycles) and baseline-subtracted (TopHat algorithm). Mass
deviation within the spectra sets was analysed. Flat-liners and
spectra with peak variations (outliers) were removed from
the collection, and additional measurements were carried
out to obtain 27 spectra from each strain. Raw spectra were
then loaded into Biotyper 2.0 (Bruker Daltonics, Leipzig,
Germany), and MSP creation was carried out with the
default setting of the Biotyper software. Each MSP was then
assigned to its speciﬁc node on the taxonomy tree. As a ﬁrst
step of evaluation, a crosswise comparison matrix was calcu-
lated, by using the main spectra of all of the Prototheca and
Chlorella strains added in the database. In addition, to evalu-
ate the spectral variation within the single strain, the com-
posite correlation index (CCI) was computed by loading the
raw data into the Biotyper software [25]. In order to visual-
ize the relationship between the MSPs, dendrogram cluster-
ing was carried out with the standard settings of
Biotyper 2.0.
Cross-identiﬁcation against the Bruker database
Before assigning the MSPs to their respective nodes on the
taxonomy tree, all spectra were loaded into the Biotyper
software, and identiﬁcation was carried out against the MSPs
available in the Bruker database. In the Bruker database, only
one strain, P. wickerhamii, with 13 spectral counts was
included by the manufacturer.
Following the creation of 22 MSPs of Prototheca and Chlo-
rella, each MSP was subjected for identiﬁcation, and cross-
matching was also performed.
Checking the efﬁciency of the database search with
blind-coded Prototheca ﬁeld isolates
To evaluate the efﬁciency of the MSPs created, 261 Protot-
heca samples from our culture collection were blind-coded,
extracted with formic acid/acetonitrile, and subjected to
MALDI-TOF MS identiﬁcation with the automated option
in the Biotyper software. These strains included P. wickerh-
amii, P. blaschkeae and P. zopﬁi genotypes 1 and 2 collected
at different intervals from different regions (Germany, Austria,
Brazil, Belgium, Poland, Japan and the USA), and were pre-
viously identiﬁed by either PCR, RFLP or DNA sequence
analysis [26,27]. Fifty Prototheca samples were also directly
transferred to the MALDI target plate to evaluate the suit-
ability of the method for Prototheca identiﬁcation.
Results
A total of 594 spectra representing six species of Protothec-
a and two species of Chlorella were generated with the
automated measurement option in the Flex control soft-
ware. MALDI-TOF MS measurements were made in the
range of 2000–20 000 Da. In order to create a reliable
MSP, we measured 27 spectra for each strain (three bio-
logical and technical replicates). Biological replicates were
cultured at different time-points but with standard culture,
harvest and measurement conditions. Fig. 1 shows a selec-
tion of the speciﬁc spectral ﬁngerprints for ﬁve species of
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FIG. 1. Representative spectra (smoothed and baseline-subtracted)
from different species of Prototheca and Chlorella: (a) P. stagnora, (b)
P. ulmea, (c) P. wickerharmii, (d) P. zopﬁi genotype 1, (e) P. zopﬁi
genotype 2, (f) P. blaschkeae, (g) P. cutis, (h) C. protothecoides and
(i) C. ellipsoidea.
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Prototheca, including the two genotypes of P. zopﬁi and
Chlorella.
In order to check the relatedness between each set of the
spectrum for 22 strains of Prototheca and Chlorella, a CCI was
computed with the default setting provided in Biotyper 2.0.
CCIs for Prototheca and Chlorella strains were found be in the
range from 0.67 to 0.91 (Fig. 2a). The CCI matrix heat-map
(Fig. 2b) indicates that the strains of the same species were
likely to be the second best match in the identiﬁcation list.
A score-oriented MSP dendrogram was generated with
the default setting in Biotyper 2.0 for the 22 strains of Protot-
heca and Chlorella that were included in the database (Fig. 3).
The created Prototheca MSPs were unique and suitable for
MALDI-TOF MS-based identiﬁcation of Prototheca, as there
was no cross-matching (with a log score ‡2.0) with the Bio-
typer software integrated reference database.
The compactness of the spectra for MALDI Biotyper
identiﬁcation of Prototheca was evaluated by computing a
crosswise comparison matrix in which the main spectrum of
each strain was compared with the main spectra of all of
the algal strains added into the database. Table 2 shows that
the same strain was correctly identiﬁed with a log score of
3, which showed a slight decrease for the strains of same
species and had large deviations among the strains of differ-
ent species.
Among the formic acid/acetronitrile extracts of 261 Protot-
heca samples used for evaluation of the compiled database,
247 samples were correctly identiﬁed at the species level
(log score ‡2.0), and the other 14 samples (13 P. zopﬁi geno-
type 2 and one P. wickerhamii) were identiﬁed at the genus
level (log score 1.7–2.0). The direct transfer method resulted
in identiﬁcation of nine and 37 samples at the species and
genus level, respectively, and four samples yielded only a ﬂat-
line spectrum and therefore were not identiﬁed.
Discussion
MALDI-TOF MS has been used in the routine clinical labo-
ratory for its rapid and cost-effective identiﬁcation of
(b)
(a)
FIG. 2. (a) Evaluation of uniqueness among the spectral sets of 22 Prototheca strains. The composite correlation index (CCI) matrix was calcu-
lated with MALDI Biotyper 2.0 software with the default settings: the lower bound is 3000, the upper bound is 15 000, the resolution of the
mass range is four, and the number of intervals for CCI is four. (b) CCI matrix value for the strains of Prototheca included in this study (this
chart has to be added as a ﬁgure using picture edit software). A CCI value near 1.0 indicates relatedness between the spectral sets, and 0 indi-
cates no match.
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microorganisms [28]. Bruker MALDI-TOF MS-based micro-
bial identiﬁcation is possible only for those 3739 micro-
organisms (May 2010) that are included in the Bruker
Biotyper database. In our earlier study, we investigated the
reproducibility and speciﬁcity of the MALDI-TOF MS spec-
tra from the Prototheca extract. Additionally, it has also
been demonstrated that the extraction protocol yields
mainly ribosomal proteins [20]. Therefore, the aim of this
study was to generate MSPs for six Prototheca species, to
facilitate the rapid automated identiﬁcation of Prototheca
with MALDI-TOF MS. Analysis with Flex analysis software
revealed a difference in the most reproducible peaks in
each species. The spectra between the strains of the same
species appeared to be comparable.
The practical relatedness between the set of the spectra
can be statistically visualized using CCI calculation [25]. A
CCI value approaching 1.0 represents the high signiﬁcance
conﬁrmation of the set of spectra and 0 for no match: P. sta-
gnora, 0.77; P. ulmea, 0.90; P. wickerhamii, 0.67–0.86; P. zophii
genotype 1, 0.73–0.82); P. zophii genotype 2, 0.67–0.84; and
P. blaschkeae, 0.88–0.91. The reduction in CCI might be
attributable to the presence of some wider peaks which
cannot overlap with their counter-peak within the set of the
spectrum [25]. CCI values also indicated that the possibilities
of cross-identiﬁcation or second-hit identiﬁcation could be
closer among strains of the same species of Prototheca.
The dendrogram revealed the presence of six species of
Prototheca and two species of Chlorella, as separated by the
critical distance value of 500 needed for the species classiﬁ-
cation [29]. A closer look at P. zopﬁi revealed that the two
genotypes clustered as separate groups. The MSP dendro-
gram is comparable with our earlier studies based on the
genomic information [1,3].
The generated spectra failed to match with any of the
available reference spectra in the Bruker database, including
for P. wickerhamii. This indicates that there is no identical
spectral ﬁngerprint available in the Bruker database. There
are various possible reasons for the non-matching of the cur-
rent spectra with P. wickerhamii VSL, the only available Protot-
heca MSP.
The cross-identiﬁcation matrix of 22 MSPs created
revealed that they were correctly identiﬁed. As a second hit,
the strains from the same species were identiﬁed, except for
P. wickerhamii SAG 263-11, whose second hit was P. zopﬁi
genotype 2 SAG 263-4 or P. zopﬁi genotype 2 SAG 2021.
One of the possible explanations for the second and third
hit of cross-identiﬁcation of P. wickerhamii and P. zopﬁi could
be the presence of redundant segmental replacement
between multiple 18S rDNA genes in a single P. wickerharmii
strain, SAG 263-11 [30].
The database evaluation with strains of P. wickerhamii and
P. blaschkeae and genotypes of P. zopﬁi collected from Ger-
many, Austria, Brazil, Belgium, Poland, Japan and the USA
resulted in 100% correct identiﬁcation. The species differen-
tiation was remarkable, and 100% differentiation of geno-
types 1 and 2 was achieved. However, based on the
logarithmic score, 94.6% were identiﬁed at the species level
and 5.4% at the genus level. The samples identiﬁed at the
genus level were P. zopﬁi genotype 2 (13/220) and P. wickerh-
amii (1/3), which might have resulted from the presence of
limited MSPs in the database. This underscores the need for
the inclusion of additional reference spectra to reinforce the
database.
As an additional step, a relatively simple direct transfer
protocol was carried out for 50 samples, and resulted in
92% correct identiﬁcation (18% at the species level and 74%
at the genus level); 4% of the sample yielded only a ﬂat-line
spectrum. The direct transfer of biological material onto the
target material lacks standardization, as uniform transfer of
all the samples could not be achieved. Hence, for better
identiﬁcation, an extraction protocol is preferred over the
direct transfer method, which always needs expertise.
The MALDI-TOF MS-based identiﬁcation is quicker
and less expensive than routine PCR-based identiﬁcation.
Furthermore, PCR-based identiﬁcation involves several PCR
steps to distinguish between P. zopﬁi and P. blaschkeae and
between P. zopﬁi genotypes (18S rDNA-based genotype-spe-
ciﬁc PCR and PCR-RLFP analysis) [3,27]. Thus, MALDI-
TOF MS-based identiﬁcation could reduce the amount of
Prototheca MSP dendrogram
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FIG. 3. Score-oriented dendrogram of matrix-assisted laser desorp-
tion ionization time-of-ﬂight mass spectrometry proﬁles generated
by the default setting in MALDI Biotyper 2.0 (the distance measure
was set at correlation, and linkage was set at complete).
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labour and unnecessary delay in diagnosis and treatment of
the infected animals and humans.
In conclusion, we have created unique, reproducible spectra
for six generally accepted species of Prototheca and two species
of Chlorella. These reference spectra were successfully incorpo-
rated into the Bruker reference database and evaluated. We
consider that MALDI-TOF MS-based identiﬁcation can be used
for the routine identiﬁcation of Prototheca at the genus and spe-
cies levels. We propose that the addition of spectra from more
Prototheca and Chlorella strains could enable accurate identiﬁca-
tion and differentiation at the species level.
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